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E colz GroEL chaperonin monomers, isolated after urea-induced dissociation of GroEL,,, undergo cold denaturation below 5°C. Above 5”C, these 
monomers undergo MgATP-dependent self-assembly. We have demonstrated a conformational transition at 0°C induced by interaction of 
monomeric GroEL with adenine nucleotides. This conformatton has a dramatically decreased Stokes radius and enhanced resistance to trypsin 
but tt is slightly less compact than the conformation of monomers at 23°C in the absence of MgATP and tt IS not capable of spontaneous 
self-assembly. A second, temperature-dependent conformattonal change with a transition at about 5°C ts required for GroEL to undergo 
oligomerization. 
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1. INTRODUCTION 
GroEL, the E. coli prototype of the ubiquitous 
chaperonin- proteins [ 11, interacts transiently with 
newly synthesized polypeptides in their non-native con- 
formations [2] and functions both in vivo and in vitro 
as an ATP-driven molecular chaperone [3-51 required 
for transmembrane translocation of some polypeptides 
and for the folding and assumption of the correct qua- 
ternary structures of others (for review see [6-lo]). 
GroEL functions as a homo-tetradecameric particle 
(GroEL,,) composed of 60 kDa polypeptide subunits 
[l l-141. An ATPase [ll], GroEL exhibits positive coop- 
erativity in the binding and hydrolysis of ATP [ 15,161 
in the presence of the co-chaperonin, GroES, a hep- 
tameric protein [17]. Since GroEL functions are be- 
lieved to be essential for the assembly of many proteins 
in E. coli [ 11, it is of particular importance to understand 
the formation of its own structure. 
A recent study described the denaturation of 
GroEL,, by guanidine-HCl [ 181. Refolding of the mon- 
omers in the absence of ATP resulted in the spontane- 
ous restoration of secondary structure, but oligomeriza- 
tion did not occur and chaperonin function was not 
restored. We have demonstrated previously that 
GroEL,, dissociates in vitro in the presence of 3.54.0 
Correspondence address: N.M. Lrssin, CNRS. CBBM4, 31 Chemin 
Joseph Atgmer. PB71 ~ 13402 Marseilles Cedex 9. France Fax: (33) 
9171 7896. 
Abbreviations. EDTA, ethylenediammetetraacetic acid; DTT. dithio- 
threitol; SDS. sodium dodecyl sulfate; B-ME, /I-mercaptoethanol; 
ATP-y-S, adenosine 5’-0(3-thiotriphosphate). 
Puhlrshed by Elsevier Science Publishers B. V 
M urea into monomers which are capable of MgATP- 
dependent self-assembly and reformation of native 
GroEL,,. These oligomers, in turn, ‘self-chaperone’ the 
assembly of additional GroEL,, [19]. From their effect 
on oligomerization at 23°C it was inferred that adenine 
nucleotides stabilized an assembly-competent state of 
the GroEL monomers [19]. We report here a transition 
caused by interaction of monomeric GroEL with ade- 
nine nucleotides at 0°C that results in a conformation 
that is distinct from the monomeric state at 23°C in the 
presence or absence of MgATP. 
2. MATERIALS AND METHODS 
GroEL was isolated from E. coli HBlOl bearing pGroE4 plasmid 
as described prevtously [16,19]. except the sucrose gradient centrifuga- 
tion step was replaced by chromatography on a DEAE-Toyopearl 
HW 650 M column (Toy0 Soda) with a linear 0-O 7 M NaCl gradtent 
in 20 mM Tris-HCl. pH 8.0, 1 mM B-ME. Monomeric GroEL was 
prepared for each experiment by incubating the protein in 4 M urea 
(20 mm on ice) followed by purification of the monomers by chroma- 
tography at 4°C on a Superose 6 HR lo/30 column (Pharmacia FPLC 
system) in buffer A (40 mM triethanolamine-acetate, pH 7.5, 100 mM 
potassium acetate, 0.1 mM EDTA. 1 mM DTT). Analytical srze- 
excluston chromatography was executed similarly but the column was 
placed in an ice Jacket (except as indicated otherwise) and the DTT 
was omitted. Other additives m the buffer were as indicated. Concen- 
trations of nattve and monomeric GroEL were determined spectro- 
photometrically at Imax 276 5 nm using values of A ‘I I,“, of 0.25 and 
0.21, respectively [19]. 
Trypsm-digestion experiments [20] were performed as follows. Sam- 
ples containing 2.4 ,uM monomertc GroEL were pre-incubated for 20 
min on ice in buffer A wrth additives as indicated. After the addition 
of bovine pancreatic trypsin (Sigma; Type XIII), the samples were 
incubated for 10 mm on ice then mrxed with SDS-electrophorests 
sample buffer [21] and frozen immediately in liquid nitrogen All 
samples were heated for 5 mm at 100°C then electrophoresed under 
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standard condttions on a lo-20% gradient SDS-polyacrylamtde gel [2] 
wtth subsequent Coomasste G-250 staining. 
3. RESULTS 
The results of size-exclusion chromatography of 
monomeric GroEL are presented in Fig. 1. At room 
temperature and in the absence of adenine nucleotides, 
monomeric GroEL behaved like a protein of about 60 
kDa (profile l), but when the chromatography was per- 
formed at 0°C monomeric GroEL exhibited an increase 
in apparent molecular mass of greater than 3-fold (pro- 
file 2). Since the behaviour of folded or denatured pro- 
teins during size-exclusion chromatography reflects 
their Stokes radii [22]. and since a significant loss of 
secondary structure was indicated by circular dichroism 
(CD) spectroscopy, it was concluded previously that 
monomeric GroEL was in a partially unfolded state 
below 5°C [19]. Surprisingly, when monomeric GroEL 
was subjected to chromatography at 0°C in buffer A 
containing 10 mM magnesium acetate and 0.2 mM ATP 
GroEL monomer 
48 50 52 54 56 58 
log molecular mass 
J 
Fig 1. Stze-exclusion chromatography of monomertc GroEL on Su- 
perose 6 (Pharmacta) under dtfferent condttions. Chromatography 
was performed m buffer A (see sectton 2) at 23°C (1) or 0°C (2) or 
at 0°C in buffer A containing 10 mM magnestum acetate and 0.2 mM 
ATP (3). Elution volumes of P-amylase (200 kDa) and bovme serum 
albumm (66 kDa) are indicated wtth arrows. The mset ts a semi- 
logarrthmtc plot of the relattve elution volumes against apparent mo- 
lecular mass under the same condmons. Protem standards (Sigma) 
shown on the plot were (left to rtght): bovme serum albumm, alcohol 
dehydrogenase. /I-amylase. apoferrnin. Chromatographtc behavtours 
of the standards were determined both at 23°C and 0°C. 
Mg3+ (10mM) -++++-+++ 
ATP mM - - 5 - - 5 .5 .05 00s 
ADP mM --- 5 ----_ 
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Fig. 2. Protease sensitivity ofmonomeric GroEL at 0°C m the absence 
or presence of adenme nucleottdes. Purtfied GroEL monomers were 
subjected to digestion with trypsin at 0°C and analysed by SDS-PAGE 
as descrtbed in sectton 2 The addttions made to each sample are 
mdtcated above each lane. 
(MgATP), the peak was observed to have shifted close 
to its original location (profile 3), suggesting that a more 
compact structure had been restored. The chromato- 
graphic profile of the GroEL monomer observed under 
these conditions was noticeably asymmetric (profile 3). 
This asymmetry persisted when samples were pre-incu- 
bated for 30 min on ice in the presence of 10 mM 
magnesium acetate and 5 mM ATP before the chroma- 
tography (not shown), indicating that the compact state 
was in an equilibrium with a population of more un- 
folded molecules. When the chromatography buffer 
lacked either Mg2+ or ATP, the monomers adopted the 
unfolded conformation (as in profile 2) whether or not 
they had been pre-incubated with MgATP (not shown). 
This observation suggests both that the observed effect 
results from interaction of monomers with magnesium 
adenine nucleotides and that the interaction is fully re- 
versible. 
We used a trypsin digestion-based test, which was 
proven to be sensitive to protein conformation [30], to 
obtain independent evidence of the observed stabiliza- 
tion of a compact state of monomeric GroEL by 
MgATP (Fig. 3). Monomeric GroEL, present at 2.4 
,uM, was completely converted to digestion products 
after incubation with 0.0075 PM trypsin for 10 min at 
0°C in the presence of 10 mM magnesium acetate lack- 
ing ATP (lane 2) or 5 mM ATP lacking magnesium 
acetate (lane 6). This high sensitivity of monomeric 
GroEL to proteolysis under these conditions is consis- 
tent with an unfolded conformation. Strikingly en- 
hanced resistance to cleavage by trypsin was observed, 
however. upon incubation of the protein in the presence 
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Fig. 3. Temperature dependence of the self-assembly of GroEL. Sam- 
ples containing 2.6pM monomeric GroEL were Incubated at different 
temperatures for 1 h in the presence of 10 mM magnesium acetate and 
5 mM ATP. The products of each incubation were analysed by chro- 
matography on a Superose 6 column at 0°C. The extent to which self- 
assembly occurred was calculated as the ratlo of UV-absorbance (280 
nm) due to GroEL,, to total UV-absorbance due to GroEL,, plus 
monomeric GroEL. Oligomers were not detected after incubation of 
the samples in the absence of ATP (not shown). 
of MgATP as well as MgADP or MgATP-y-S (lanes 
3-5). Similar effects were observed for each of these 
three nucleotides, although slightly less stabilization 
was apparent in the case of ADP. A gradually decreas- 
ing stabilization effect was observed with decreased 
ATP concentration in the range from 5 mM to 5,uM 
(compare lanes 3 and 7-9). 
Prolonged incubation of monomeric GroEL at 0°C 
in the presence of MgATP did not cause its self-assem- 
bly [19]. Since we have found that adenine nucleotides 
stabilize a compact conformation of monomeric GroEL 
at 0°C we have re-examined the self-assembly of 
GroEL monomers at different temperatures. As ex- 
pected, at temperatures above 5”C, increased self-as- 
sembly was obtained as the temperature was increased 
to 23°C (Fig. 3). At 0°C or 4°C however, no detectable 
oligomers were formed after incubation of 2.6 ,uM mon- 
omeric GroEL for 1 h (Fig. 3). Extended incubations 
(up to 40 h) under similar conditions failed to yield 
detectable assembly of GroEL,,. 
4. DISCUSSION 
Adenine nucleotide-induced or temperature-induced 
conformational transitions in monomeric GroEL are 
summarized in Fig. 4. We have shown previously [19] 
that MgATP (or, with lower efficiency, non-hydrolysa- 
ble MgATP-analogs or MgADP) promoted oligomeri: 
zation of GroEL at 23°C. This observation suggested 
a nucleotide-dependent change in monomer conforma- 
tion (transition I). On the other hand, in the absence of 
adenine nucleotides, monomeric GroEL has been 
shown to undergo a fully reversible unfolding at low 
temperature (cold denaturation [23]) with the transition 
point at about 5°C (transition II) [19]. We have now 
demonstrated an adenine nucleotide-dependent confor- 
mational transition in monomeric GroEL at 0°C (tran- 
sition III) which leads to a decreased Stokes radius and 
to enhanced resistance to proteolysis. The observed sta- 
bilization of a compact conformation at relatively low 
ATP concentrations (0.2 mM or lower) indicates that 
GroEL in its monomeric form possesses detectable af- 
finity for the nucleotides at 0°C. This is particularly 
striking bearing in mind its unfolded state at this tem- 
perature, and it suggests that the binding of adenine 
nucleotides to a small population of more ‘native’ mol- 
ecules causes the equilibrium to shift towards the com- 
pact conformation. This interaction is easily convertible 
in vitro. A nucleotide-stabilized state is, evidently, the 
only state of monomeric GroEL that can exist at low 
temperature in vivo given the physiological concentra- 
tions of free Mg’+ and ATP in the cell. 
Compared to the unfolded conformation at 0°C the 
nucleotide-stabilized conformation of monomeric 
GroEL at 0°C is much more similar in compactness to 
monomeric GroEL at 23°C. Nevertheless, even after 
extended incubations at 4°C. self-assembly did not 
occur. Assembly of GroEL,, can be achieved at temper- 
atures below 5°C if the concentration of monomeric 
GroEL is increased by 4-fold (not shown). The plot of 
extent of self-assembly vs. temperature (Fig. 3) clearly 
suggests that adenine nucleotide-stabilized monomers 
behave differently below and above about 5°C. This 
temperature corresponds to the midpoint of a transition 
identified by CD spectroscopy of monomers in the ab- 
sence of adenine nucleotides [19]. Taken together, these 
observations indicate that an additional temperature- 
I 
Mg-ATP(ADP) 
Oligomeric 
GroEL 
Compact(l) z 
/* 
Compact (*) 
IV I 
Above 
..- 
T! 
. . . . . . . . . . . . ..__ 5°C 
II III /I 4 
Below 
Mg-ATP(ADP) 
Unfolded (2) 4 Compact (3) 
Fig. 4. The effect of ademne nucleotides and temperature on the 
conformation of monomeric GroEL in vitro. Four states of mono- 
meric GroEL are indicated: Compact (*). Compact (1). Unfolded (2) 
and Compact (3). The conformational transitlons proposed to result 
from the presence or absence of ademne nucleotides. MgATP (ADP), 
at temperatures above or below 5°C (dotted line) are indicated by 
Roman numerals. The arrows indicate the reversibility of the transi- 
tions. The dotted arrows indicate two transitions that have not been 
directly demonstrated. 
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induced change (transition IV) is required to achieve 
an assembly-competent state (Compact *). Native 
GroEL,,exhibits a higher content of secondary struc- 
ture than that exhibied by ‘folded’ monomers [ 191 and 
each subunit in the assembled protein possesses obvious 
two-domain topology, as revealed by electron micros- 
copy [I 3,141. The final conformational transition in 
monomeric GroEL which leads to the formation of 
tetradecameric particles that are active as molecular 
chaperones remain to be determined. Direct study of the 
ATP-induced effects on the conformation of monomers 
is complicated if the conditions used support the spon- 
taneous oligomerization process. It is anticipated that 
the nucleotide-stabilized intermediate of monomeric 
GroEL at 0°C described in this paper will serve as a 
useful model for further studies. 
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